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SECTION I
INTRODUCTION
Interest has recently increased in the area of transition-metal-catalyzed
hydroboration reactions. Since the discovery of rhodium-catalyzed
hydroborations in 19841 by Mannig and Noth, there have been many papers
published by other authors. The main focus of these papers is comparing a
number of factors such as the regio- and stereospecificity of these rhodium
catalyzed reactions with uncatalyzed ones. Specifically Wilkinson's catalyst
[1 , chlorotris(triphenylphosphine)rhodium(l)] has been extensively studied
for its ability to increase the reaction rates of relatively unreactive
hydroborating reagents with greater regiospecificity than uncatalyzed
reactions.2 Secondly Burgess and Ohlmeyer3 used chiral ligands
complexed with rhodium in hydroboration reactions that were
stereoselective. These reactions yielded chiral molecules from achiral
substrates using chiral catalysts with varying degrees of enantiomeric
excess.
Rhodium-catalyzed reactions have not been extensively studied as to
their ability to hydroborate new types of substrates previously unreactive
towards conventional hydroboration. The ability of Wilkinson's catalyst to
activate B-H bonds and double bonds has opened a new door for the
possibility of studying new hydroboration reactions with unconventional
substrates.
This research involves studying the possibilities of hydroborating
1
molecules that contain only cyclopropane rings as reactive centers.
Cyclopropane rings, because of their unique geometries and properties,
undergo elect rophilic addition with certain electrophiles.4 Norcarane (2) (a
cyclopropane ring containing hydrocarbon) was reported by Rickbom5 to be
successfully hydroborated using extreme reaction conditions. The yield of
this reaction was not disclosed, but some success was reported.
By using new reagents and reaction conditions there is a good chance for
succeeding in hydroborating a cyclopropane ring. Initial attempts at
hydroborating a cyclopropane ring will be performed using quadricyclane.
Quadricyclane (3) (a highly strained compound) has been extensively
studied for susceptibility to ring opening by arenesulfenyl halides.6
Secondly, by performing related experiments on model compounds, it is
another goal of this research to try to understand the detailed mechanism for
these rhodium-metal-catalyzed hydroboration reactions. Kinetic studies and
reactions with heterocyclic three-membered rings are also of interest.
Thirdly due to the special nature of the organic substrates used, synthesis
of some of the starting materials must be discussed.
:P(Ph3)
Rh
/ \
(Ph3)P: .P(Ph3)
(1) <2>
(3>
SECTION II
HISTORICAL REVIEW
Hydroboration reactions have been extensively studied ever since
H.C.Brown discovered their vast synthetic utility and versatility in the
1950s.7
Since then research has been performed to try to increase the reactivity and
regioselectivity as well as the stereoselectivity of hydroborating reagents.
Increased reactivity and selectivity has a large impact on improving reaction
yields and decreasing the number of side products possible in many
chemical reactions, and we have been interested in testing the effects of
Wilkinson's catalyst on these. Our research is a study of these research
areas and specifically we are interested in the realm of hydroboration
reactions of alkene and cyclopropane systems, especially as influenced by
the use of Wilkinson's catalyst.
Hydroboration of alkenes was one of the first reactions studied using BH3.
H.C. Brown and associates extensively researched many fundamental
aspects of simple hydroborations.8 These reactions are usually carried out
in polar aprotic solvents such as tetrahydrofuran (THF) or diglyme (DG).
These solvents form "loose" Lewis acid/base complexes with BH3 9
H
H
'B. B^ d a
Y vh
+ 2 -*~ 2 H,Bd
THF
If gaseous BH3 is allowed to stand, it forms a B2H6 dimer called diborane.
Diborane undergoes dissociation in these donor solvents (such as THF),
forming the complex above which rapidly hydroborates alkenes. These
donor solvents are usually carefully dried to prevent decomposition of the
moisture-sensitive BH3. Other solvents can be used such as sulfur donor
solvents. One example of a sulfur based donor solvent is dimethylsulfoxide
or DMSO. BH3 does not exhibit any appreciable solubility in diethyl ether or
hydrocarbon solvents.
One of the special aspects about hydroboration reactions is their ability to
form an alkylborane from an alkene, or similar functional group; B-H always
adds syn across a C=C or C=C bond. Secondly due to electronic and
steric effects hydroboration reactions of carbon-carbon double bonds usually
take place in an anti-Markovnikov fashion.
BH3:THF
N,
THF
\ H HBH,
-^-
Hydroboration reactions can also be performed on a variety of functional
groups, including alkynes, carbonyl containing functional groups, and
alcohols, just to name a few.1
Once the alkylborane has formed, there are a variety of reactions that can
be performed in order to convert the alkylborane to other functional groups.
One of the most common conversions is oxidation of the alkylborane using
basic hydrogen peroxide (NaOOH) which converts the alkylborane to an
alcohol stereospecifically with retention.11
H202
\#H
iLoh
:-r^H
EtOH "O
R'
Alcohol formation is only one of the many transformations that are possible.
Amines, halides, carboxylic acids, etc., can all be formed from
alkylboranes.12 Furthermore they can often be formed stereospecifically
with retention or inversion of configuration.
There is research in producing hydroborating reagents that allow us to
study methods of regio- and stereospecific control. These reagents are
designed to enhance any reaction specificity due to steric or electronic
effects. One possible drawback is use of reactants that are sterically bulky
which can lead to decreased yields and rates of the reaction. This problem
might be overcome by developing a hydroborating reagent that could
undergo reaction by a different mechanism from the
"classical"
type of
hydroboration.
5
In 1984 a paper was published by Mannig and Noth1 on catalytic
hydroboration using Wilkinson's catalyst and a relatively unreactive
hydroborating reagent: 1 ,3,2-benzodioxabarole (4) (catecholborane).
Catecholborane reacts with alkynes and alkenes, but only at elevated
temperatures (70C for 2 hours and 100C for 4 hours, respectively).13
R-CeC-H
70C
2hrs.
(4)
O
B-H + C= C
/ p.' N 100C
rh&o^
o R h 4 hrs.
In the presence of Wilkinson's catalyst, these reactions proceed rapidly at
room temperature. The reaction rate for this reaction is greatly increased
due to Wilkinson's catalyst as explained by the complex mechanism outlined
below. This mechanism was proposed by Mannig and Noth in 1985.
Wilkinson's catalyst is a 16 electron complex. In solution Wilkinson's catalyst
dissociates from one of its triphenylphospine ligands and after oxidative
addition of a B-H bond from catecholborane (and possibly complexation
6
with a solvent molecule), Wilkinson's catalyst becomes a stable 1 8 electron
complex (5) below. This complex then binds with an olefin present in
solution. The next step of the reaction involves a hydride migration to the
double bond. Once this is complete irreversible reductive elimination of the
organoborane returns Wilkinson's catalyst back to a 16 electron complex
which can react again.
RhLnCI Wilkinson*s catalyst
L-PPha
reductive
elimination RhUCI
( B-Rh*
^ CI
u
hydride V S\ .*
migration
^ L/B"Rh-C
i
CI
c
L
c=c
(5)
olefin
binding
Figure 1 . Proposed reaction mechanism for a Wilkinson's reagent catalyzed
hydroboration reaction.14
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This mechanism is analogous to that proposed for more thoroughly
investigated rhodium-catalyzed hydrometalation reactions such as
hydrogenation, hydrosilation, and hydroformylation. However recent
research performed by Evans et al.14 has led to modifications in the reaction
mechanism due to experimental results arising from the use of deuterium in
Wilkinson's reagent catalyzed hydroboration studies. This newly proposed
reaction mechanism indicates that many of the steps in the catalyzed
reaction are reversible and leads to deuterium scrambling in the final
products of the hydroboration, as well as deuterium incorporation in the
alkene starting material. This new evidence needs to be carefully examined
before a concrete reaction mechanism can be proposed.
Initially, many of the reactions that were performed with Wilkinson's
catalyst involved studies of how the catalyst enhanced reaction rates. For
example, the reactions of alkynes and alkenes with catecholborane were
repeated using Wilkinson's catalyst. Secondly, reactions were performed to
determine the selectivity of Wilkinson's catalyst to specific functional groups.
In the presence of Wilkinson's catalyst C=C or CsC bonds become
sufficiently activated that their reduction competes with reductions of
carbonyls. Mannig and Noth showed this by doing competition studies with
compounds that contained both carbon-carbon double bond and ketone
functional groups.1 Hydroboration reactions were performed using the
unreactive catecholborane with and without Wilkinson's catalyst. These
reactions clearly showed that in the absence of Wilkinson's catalyst, the keto
carbonyl was reduced completely, without any carbon-carbon double bond
reduction.
8
When Wilkinson's catalyst was added to the reaction the carbon-carbon
double bond was completely reduced and the keto carbonyl was not
reduced.
B-H +
-CO-
Therefore Wilkinson's catalyst activates the carbon-carbon double bond and
not the carbonyl. Reactions were also performed with molecules that
contained an aldehyde carbonyl and a carbon-carbon double bond, and
here the aldehyde carbonyl was much more reactive than the carbon-carbon
double bond even in the presence of Wilkinson's catalyst.
H H
B-H +
O (PPh3)3Rh(I)Cl
H THF
B-O
Wilkinson's catalyst was first used in 196815 for the homogeneous
hydrogenation of double and triple bonds.
R R"
(PPh3)3Rh(DCl
R'
H2, 25 C
Ethanol
Before Wilkinson's catalyst, hydrogenations were performed
heterogeneously with metals such as platinum or palladium.16 These
reactions were often performed under high temperatures and pressures, and
the yields were often low. Wilkinson's catalyst hydrogenations can be
performed at room temperature and standard pressure, with the time of
reaction being relatively short, and the yields high. Because of Wilkinson's
research he was awarded the Nobel Prize in chemistry in 1973.
Subsequent papers have been published since 1984 on Wilkinson's
catalyst promoted hydroboration reactions, and these led to some interesting
possibilities toward further studies to be discussed in detail later.
One interesting point about the ability of Wilkinson's catalyst to activate
double and triple bonds is the possibility of activating other k systems or in
the case of cyclopropane rings "pseudo-7c systems".
Cyclopropane rings, partly due to their inherent ring strain and unique
geometry, possess some
"tc" bond characteristics. Due to the large amount
of ring strain in cyclopropane ring there is a mixture of the hybridization of the
carbons bonded in the ring. If we use sp^ type hybrid orbitals, we apparently
cannot correctly account for the electron overlap of the bonded cyclopropane
carbons. Secondly, sp2 type hybrid orbitals do not explain cyclopropane
bonding, therefore a
"blend"
of these two types of hybrid orbitals has been
used to explain the special nature of cyclopropane rings, and this lead to the
idea of the existence of pseudo-ji bond characteristics or the Walsh
10
orbitals17-18 of cyclopropane rings, as shown below in figure 2.
A-
KB.
A
Figure 2. The Walsh molecular orbitals of the ring in cyclopropane.
There are many documented reactions where cyclopropane rings are
opened by ionic addition of certain electrophiles. Cyclopropane rings also
undergo cleavage by electrophilic addition of aromatic sulfenyl halides.19
These reactions proceed by initial addition of electrophilic sulfur to the
cyclopropane ring followed by nucleophilic attack of the so-formed
intermediate by the corresponding halide. These reactions often proceed
very rapidly, and are thermodynamically driven when highly strained
cyclopropane rings are cleaved.
Cyclopropane rings have an inherent ring strain energy of about 27
kcal/mole.20 This ring strain makes the carbon-carbon single bonds
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weaker than those in straight-chain alkanes. Due to the combination of ring
strain and the pseudo-jc-bond characteristics of cyclopropane rings, it is
possible for electrophilic and other ionic reactions to occur.
It is clear that hydroborations activated by Wilkinson's catalyst involve
double or triple bond activation by the catalyst, and insertion of the rhodium
of Wilkinson's catalyst into the B-H bond of boranes thus activating the B-H
bond. By modifying the catalyst instead of the borohydrating reagent there
may be new possibilities of reactivity and control of regio- and
stereoselectivities.
There has been some success in hydroborating cyclopropane rings
in the past. Rickborn and associates published a paper on the hydroboration
of norcarane (bicyclo[4.1.0]heptane) using neat borane at 105C in sealed
tubes.21
+ B^
Sealed tube
105C
H202
OH" <
ex cr
J
The reaction conditions for this reaction certainly are not routine.
Nonetheless there was some success. Rickborn's reaction was performed
using a
"conventional" hydroboration reagent (borane). The possibility of
using hydroborating reagents activated by Wilkinson's catalyst could
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facilitate the ring opening reaction of a cyclopropane ring.
Choosing a compound that would be a good substrate for this type of
research turns out to be a difficult task. One compound possessing
interesting strain properties was quadricyclane
(tetracyclo[3.2.0.02-7.04-6]heptane). Quadricyclane (3) is synthesized
photochemically from norbomadiene (6) (bicyclo[2.2.1]hepta-2,5-diene) by
a7c2s+7t2s reaction.22 Quadricyclane contains about 96 kcal/mol of strain
energy22 due to its restricted polycyclic nature. With this amount of ring
strain in the molecule, quadricyclane should allow easy the opening of a
cyclopropane ring. Quadricyclane has been extensively studied by Morrill
and Zefirov for ring opening reactions involving electrophilic addition to
cyclopropane rings.23 These reactions involved arenesulfenyl halide
additions across cyclopropane rings to rapidly produce mixtures of products.
Because quadricyclane easily undergoes such electrophilic addition this
seems to make it a good molecule to study for the rhodium catalyzed
hydroboration reactions. One problem is the fact that quadricyclane is
susceptible to isomerization to norbomadiene in the presence of metals,
including rhodium. Although this isomerization reaction in the absence of
metals is thermally forbidden by the Woodward-Hoffman orbital-symmetry
rules,24 the presence of metals alters the orbital symmetry aspects. The
cyclization reaction is normally done photochemically. In the presence of
metals, however, the orbitals are altered and both diene formation from
quadricyclane and cyclization are allowed. Hogeveen and Volger25
performed kinetic studies on the rhodium-catalyzed isomerization of
13
quadricyclane to norbomadiene.
Rhodium metal
complex
(6)
Their results showed that the half life for isomerization of quadricyclane to
norbomadiene was t-|/2 = 45 min at -26C. Hopefully hydroboration can
occur faster than isomerization. Therefore there still seemed to be the
chance that quadricyclane could be hydroborated. If isomerization proves to
be a problem there still are many compounds that can be studied that are
less susceptible to metal catalyzed isomerizations.
Rhodium-catalyzed hydroboration reactions are relatively new. There are
a wide variety of reactions that have been studied extensively by
"conventional" hydroboration, but not many catalyzed hydroborations. One
type of reaction that also will be studied is the hydroboration of three member
heterocycles such as epoxides, episulfides, and aziridines. These
heterocycles have extensive synthetic utility and the possibility of expanding
their usefulness with this ring opening chemical reaction would be beneficial.
Regioselectivity of these rhodium-catalyzed hydroborations of double
bonds has not been extensively studied. By observing the regio- and
stereoselectivities of these rhodium catalyzed reactions, one can make
conclusions about mechanisms for these reactions.
14
Similarly along these lines kinetic studies of rhodium-catalyzed reactions
would be beneficial, and will be studied.
15
SECTION III
EXPERIMENTAL
Chemicals and solvents supplied for all reactions performed were obtained
from the Aldrich Chemical Company.
Infrared spectral information was performed on a Perkin Elmer model 1760 X
Fourier Transform Infrared Spectrometer. Absorptions are reported in wave
numbers (cm-1). The intensity notations used are: s, strong; m, medium; w,
weak.
NMR Spectra were performed on either a G.E QE 300 MHz FT-NMR, or on a
Bruker 200 MHz FT-NMR. Multiplicity notations are: s, singlet; d, doublet; t,
triplet; m, multiplet
GC-Mass Spectroscopy was performed on a Hewlett Packard model 5995
Gas Chromatography-Mass Spectrometer. Column: 30 meter fused silica
nonpolar capillary column #Z-4045, 0.32 mm I.D. X 1 .0 |im df
Capillary Gas Chromatography was performed on a Hewlett Packard 5890
series II gas chromatograph. Column: 25 meter carbowax column 0.2 mm
I.D. X 0.2 urn.
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Dry nitrogen was prepared by passing reagent grade nitrogen from Linde Air
Products through a Fieser's reagent26 followed by passage through
concentrated sulfuric acid and finally anhydrous potassium hydroxide.
Melting points were determined using a Mel-Temp apparatus from Lab
Specialties Incorporated, and required no correction as per calibration by
benzoic acid.
17
Synthesis of Quadricyclane:
hi)
Et20
Acetophenone
N,
A charge of 75 mL (64.1 g, 0.696 moles) of norbomadiene was added to
a 500-mL quartz boiling flask. Then 6.0 g (0.049 moles) of acetophenone
was added as a sensitizer. Approximately 400 mL of anhydrous diethyl ether
was added to the flask, and the solution was stirred with a magnetic stir bar.
The quartz flask was equipped with a reflux condenser and the reaction
mixture was kept under a positive pressure of nitrogen gas. The entire
reaction set up was placed in a Rayonet U.V. photochemical reaction
apparatus. The solution was irradiated for 8 days (1 92 hours). The percent
conversion from norbomadiene to quadricyclane was monitored by GC-
Mass Spectroscopy and 200 MHz NMR by comparing the amounts of these
two hydrocarbons.
The percent conversion of the reaction determined by NMR was very low
(11% quadricyclane). The reaction was repeated with similar results.
Quadricyclane: 200 MHz 1H NMR in CDCI3 : singlet 82.08 (2H), doublet
51.54 (4H), singlet 51.41 (2H) (see Appendix).
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Synthesis of Quadricyclane:
hi)
Et20
Acetophenone
N2
To a 1 -liter Pyrexphotochemical reaction vessel (Fig. 1), 175 g (1.72
moles) of norbomadiene was added. Then 12 g (0.10 moles) of
acetophenone was added as a photochemical sensitizer. A quartz
immersion well was inserted into the Pyrex vessel and a 450-watt
Hanovia high pressure mercury vapor lamp was placed in the immersion
well. Anhydrous diethyl ether was added until the solvent level was above
the level of the mercury lamp. The quartz immersion well was cooled with
water flowing around the jacket surrounding the lamp. The reaction vessel
was equipped with a reflux condenser, and the system was kept under
positive pressure with nitrogen. The reaction mixture was covered with
aluminum foil and the solution was constantly stirred with a magnetic stir bar.
The mixture was irradiated for 96 hours. The percent of conversion to
quadricyclane was monitored by NMR. The disappearance of the olefinic
proton signal of norbomadiene at 56.75 ppm was taken as a sign of a
complete reaction.
Quadricyclane was collected by fractional vacuum distillation through a
60- cm glass bead packed column. A colorless liquid, 120 g (68.5%), was
collected (bp 70 C) at 200 mm Hg.
The liquid was analyzed by GC-Mass Spectroscopy and 200 MHz NMR and
19
was determined to be quadricyclane (tetracyclo[3.2.0.02-7.04>6]heptane).
Quadricyclane: 200 MHz 1H NMR in CDCI3 : singlet 52.08 (2H), doublet
51.54 (4H), singlet 51.41 (2H) (see Appendix). Mass-Spectroscopy m/z 91
(100%), m/z 92 M+ (1.44%), m/z 66 (18.8%)
20
FIGURE 3: 1 -liter Pyrex photochemical reaction flask
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Preparation of Nortricvclvl Acetate27 C7):
0.018MH2SO4
Glacial Acetic Acid
(7)
Freshly distilled norbomadiene (50 ml, 0.49 moles) was added to 250 mL of
0.018 M H2SO4 in acetic acid and refluxed for 2.5 hours. After cooling to
room temperature, one gram of Na2C03 was added to neutralize the
H2SO4. The reaction mixture was then poured into 400 mL of water and
extracted with 3X 150 mL of ligroin (30-60 C). The organic layerwas then
washed with 50 mL portions of 10% Na2C03 until basic, and then washed
with 2 X 50 mL of distilled water. The organic layer was then concentrated to
100 mL To this residue was added 300 mL of acetic acid and 150 mL of an
aqueous solution of 15 g of KMn04, which was then stirred for 45 minutes.
After filtering and adding enough NaHS03 t0 discharge the dark brown
color, the mixture was extracted with 3 X 100 mL of ligroin (30-60 C). The
organic layer was washed with 50 mL portions of 10 % Na2C03 until basic,
and then washed with 2 X 50 mL of distilled water. The organic layer was
then concentrated to 100 mL. A short path distillation at atmospheric
pressure was then carried out on this residue. Nortricyclyl acetate was
collected, and analyzed by GC-Mass Spectroscopy. The residue was
analyzed by GC-Mass Spectroscopy and contained less than 1% of olefinic
products. Yield 38.9 g; 51% yield, b.p. 167-179 C.28
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200 MHz NMR1H NMR in CDCI3: singlet 63.93 (1H) endo, singlet 51.32
(3H) (see Appendix). Mass Spectroscopy m/z 43 (100%), m/z 66 (30%), m/z
91 (30%), m/z 152 M+ (5.0%).
Preparation of Nortricyclanol29 (8):
Anhydrous methanol
Na
Nortricyclyl acetate (20.3 g, 0.132 moles) was added to 125 mL of
anhydrous methanol in which 0.25 g of clean sodium metal had been
dissolved. The solvent was immediately distilled through a short column
packed with glass beads using a heating mantle. After cooling the residue,
75 mL of diethyl ether was added and the ether solution was washed with 2
X 25 mL of distilled water, and dried over anhydrous magnesium sulfate.
After filtering, the ether was removed in vacuo. The solid residue was then
sublimed at 84C at 5 mm Hg to give 11 .9 g (81 .4%) of a white solid,
mp108C.28
23
Analysis by GC-Mass Spectroscopy showed only nortricyclanol was present
300MHz 1H NMR in CDCI3: singlet 53.90 (1H) multiplet 61.81 (2H), multiplet
51 .28 (6H), triplet 81 .09 (1 H). 1 3C NMR: 51 0.55, 51 3.57, 51 6.25, 629.31 ,
830.58, 535.55, 577.58 (see Appendix). Mass Spectroscopy: m/z 66 (100%),
m/z 79 (83.5%), m/z 91 (50.7%), m/z 110 (M+ 28.4%).
Reaction of Quadricyclane with Catecholborane and Wilkinson's Catalyst:
l.(PPh3)3Rh(I)Cl
Catecholborane
?
THF ,-40C
2. H202 , OH OH
Proposed Product
To a 25 mL round bottom flask, 7.0 mL of dry THF was added. Then 0.1 g
(0.0001 moles) of chlorotris(triphenylphosphine)rhodium(l) was added and
stirred at room temperature until completely dissolved. The reddish yellow
solution was cooled in a dry ice/2-propanol bath to -40 C. The flask was
sealed with a septum and purged with dry nitrogen. At this point 1 .0 g of
quadricyclane (0.011 moles) was added, followed by syringe injection of 1.3
g (0.011 moles) of catecholborane. The reaction mixture was stirred for 24
hours at -40 C. After this time the reaction was allowed to warm to room
temperature. The mixture was stirred at room temperature for 48 hours. The
reaction was again cooled to -40 C, and successively 5 ml of 95% ethanol,
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5 ml of 3M NaOH and 7 mL of 30% hydrogen peroxide were added. The
resulting solution was stirred for 1 hour at -40C and then allowed to warm
to room temperature. The reaction mixture was stirred overnight at room
temperature and was extracted with 4 X 30 mL of diethyl ether. The
combined ether extracts were washed with 3 X 30 mL of 1 M NaOH. Finally
the organic layer was washed with 2 X 30 mL of distilled water and dried
with anhydrous magnesium sulfate. The diethyl ether was evaporated
leaving a pale yellow oil (1 .0 g). This oil was analyzed by GC-Mass
Spectroscopy and compared with authentic samples of nortricyclanol. The
product was determined by GC-Mass spectroscopy to be exo-norborneneol
(9) in 82.5% yield.
I.R. analysis (neat) 3525 cm"1 s (-OH stretch), 3050 cm"1 w (olefinic C-H
stretch), 2985 cm"1 s (aliphatic C-H stretch), 1650 cm"1 w (C=C stretch),
1059 cm"1 m (C-0 stretch). Mass Spectroscopy: m/z 66 (100%), m/z 110 M+
(4.22%).
(9)
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Formation of Zinc-Copper CouplflSO;
ry ^ /TTx a j . Glacial Acetic Acid __Zn + Cu(II)Acetate ^ Zn-Cu Couple
90C
To a 500 mL erlenmeyer flask containing 200 mL of glacial acetic acid
was added 1.0 g (0.005 moles) of copper(ll) acetate monohydrate. The
solution was heated and stirred until all of the copper(ll) acetate was
dissolved whereupon 65 g (1 mole) of granular zinc was added. The hot
solution was shaken for 3 minutes and after this time the acetic acid solution
was decanted. The resulting couple was rinsed with 50 mL of glacial acetic
acid and after the decanted liquid was discarded, the couple was rinsed
several times with 50 mL portions of anhydrous diethyl ether. The couple
was then stored under a layer of anhydrous diethyl ether until use.
26
Simmons-Smith Reaction
Synthesis of Norcarane (TJicvclo,T4.1.01hfiptanfl^1 .32^
Zn-Cu
CH2I2
Diethyl Ether
Reflux
To a 3-neck (24/40) 250 mL round bottom flask, 1 00 mL of anhydrous
diethyl ether and 32 g (0.5 moles) of zinc-copper couple from above was
added. Then 90 g (0.33 moles) of diiodomethane and 20.5g (0.25 moles) of
cyclohexene were added to an addition funnel. The remaining 3.7 g of
diiodomethane was added separately to initiate the reaction as indicated by
the evolution of gas from the surface of the zinc-copper couple. The reaction
was further assisted by gently warming the reaction flask. Once the reaction
was underway, the solution in the addition funnel was added dropwise over
a period of 1 hour. The rate of addition was done such that the heat of
reaction caused the solvent to reflux. Once the contents of the addition
funnel were completely added, the reaction was allowed to reflux for 20
hours using a heating mantle. Once the reaction was complete, the solution
was decanted into a 500 mL separatory funnel leaving any remaining zinc-
copper couple in the flask. The couple was washed once with 20 mL of
diethyl ether and this solution was added to the separatory funnel. The
organic layerwas washed with 3 x 75 mL of 10% HCI (aq), and with 3 X 50
mL of distilled water. The organic layer was dried over anhydrous
magnesium sulfate and norcarane (9.50 g, 39.6% yield) was isolated by
fractional distillation using a 30 cm vigreux column at atmospheric pressure
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( bp 116C at 760 mm Hg). Purity was checked by capillary gas
chromatography 100 C displayed one peak ( r.t. 1.449 min.), and
determined to be >99.5% norcarane.
300 MHz 1 H NMR in CDCL3: m 61 .90 (2H), m 81 .60 (2H), m 81 .22 (4H), m
80.89 (2H), m 80.53 (1H), q 80.02 (1H) (see Appendix).
Wilkinson's Reagent Catalyzed Reaction of Norcarane and Catecholborane:
r >v
l.(PPh3)3Rh(I)Cl
+ BH3:THF
OH
RT < ^^ \ /^oh y
2. H202 , OH Qr
J
Proposed Products
To a 50-mL 3-neck round-bottom flask, 7.0 mL of dry THF( freshly distilled
from lithium aluminum hydride) was added. Then 0.03 g (3.2 X 10"5 moles)
of chlorotris(triphenylphosphine)rhodium(l) was added and stirred until
completely dissolved. The flask was placed in a dry box and the box was
purged with dry argon for 30 minutes. After this time 2.50 g (0.026 moles) of
norcarane was added. The flask was sealed with rubber septa and 3.12 g
(0.026 moles) of catecholborane was added by syringe. The yellow solution
turned turned dark brown, and the reaction was stirred for 72 hours at room
temperature. After this time the reaction was cooled to -40C and 10
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mL of ethanol, 15 mL of 3 M NaOH, and 7 mL of 30% hydrogen peroxide
were added sequentially. The mixture was allowed to come to room
temperature after 2 hours and stirred for 24 hours.
The reaction solution was poured into a 125-mL separatory funnel and
extracted with 3 X 30 mL of petroleum ether (30-60 C). The pet. ether
extracts were combined and washed with 3 X 50 mL of 1 M NaOH and 2 X
50 mL of distilled water. The organic layer was then dried over anhydrous
magnesium sulfate and the solvent was removed in vacuo to yield 2.03 g of
crude material. Analysis of the product by GC-Mass Spectroscopy indicated
only norcarane.
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Wilkinson's Reagent Catalyzed Reaction of Norcarane and Borane.THF
r
l.(PPh3)3Rh(I)Cl
-*-
Reflux <
2. H202 ,
OH"
"\
oh y
cr-
Proposed Products
To a dry 100-mL round-bottom flask was added 5.0 g (0.052 moles) of
norcarane. The flask was sealed with a rubber septum and purged for 10
minutes with dry nitrogen. Then 30 mL (0.03 moles) of 1.0 M BH3:THF
complex was added by syringe. Thereafter 0.1 g (0.0005 moles) of
chlorotris(triphenylphosphine)rhodium(l) was added and the solution was
stirred until homogeneous. After this time the reaction was heated at reflux
for 72 hours. Then the flaskwas cooled to -78C and 20 mL of 95%
ethanol, 12 mL of 30% hydrogen peroxide, and 15 mL of 3 M NaOH were
added in that order. The mixture was allowed to warm to room temperature
over a period of 2 hours and stirred for 48 hours at room temperature.
The reaction mixture was added to a 125-mL separatory funnel and
extracted with 3 X 30 mL of diethyl ether. The ether layerwas washed with 4
X 30 mL of 1 M NaOH, followed by 2 X 50 mL of distilled water. The organic
layer was then dried over anhydrous magnesium sulfate, filtered, and
analyzed by GC-Mass Spectroscopy showing only diethyl ether and
unreacted norcarane.
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NMR Study of a Mixture of Norcarane and Wilkinson's Catalyst:
(PPh3)3Rh(DCl
- Alkane : Rhodium Complex
CDC13, RT
Proposed Product
To a standard NMR tube 0.10 g (0.001 moles) of norcarane and 1.5 mL of
chloroform-d-) was added. A second NMR tube was charged with 0.1 g
(0.001 moles) of norcarane, 0.225 g (0.00024 moles) of
chlorotris(triphenylphosphine)rhodium(l), and 1 .5 mL of chloroform-d-j . Both
samples were analyzed by 300 MHz NMR.
The chemical shift values for the cyclopropane protons were no different
for the sample containing Wilkinson's catalyst compared to that with no
Wilkinson's catalyst. The same was true for the chemical shifts of the other
protons present on norcarane.
1 H NMR 300 MHz norcarane without Wilkinson's catalyst: m 81 .90 (2H), m
81 .60 (2H), m 81 .22 (4H), m 80.89 (2H), m 80.53 (1 H), q 80.02 (1 H). 1 H NMR
300 MHz Norcarane with Wilkinson's catalyst: m 81 .90 (2H), m 81 .60 (2H), m
81.22 (4H), m 50.89 (2H), m 80.53 (1H), q 80.02 (1H) (see Appendix).
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NMR Study of a Mixture of Tricyclene (1 0) and Wilkinson's Catalyst:
(PPh3)3Rh(I)Cl
? Alkane : Rhodium Complex
CDC13, RT
Proposed Product
To a standard NMR tube, 0.10 g (0.00073 moles) of tricyclene (1
trimethytricyclo[2.2.1.02'6]heptane) was added followed by 1.5 mL of
chloroform-di . To a second NMR tube, 0.10 g (0.00073 moles) of tricyclene,
0.33 g (0.00037 moles) of chlorotris(triphenylphosphine)rhodium(l), and 1 .5
mL of chloroform-di were added. Both NMR samples were analyzed by 300
MHz NMR.
The chemical shift values for the cyclopropane protons were no different
for the sample containing Wilkinson's catalyst compared to that with no
Wilkinson's catalyst. The same was true for the chemical shifts of the other
protons present on tricyclene.
1 H NMR 300 MHz tricyclene without Wilkinson's catalyst: s 81 .73 (2H), s
81 .69 (2H), s 81 .43 (1 H), s 81 .08 (2H), s 81 .03 (3H), s 50.85 (6H). 1 H NMR
300 MHz tricylene with Wilkinson's catalyst: s 81 .73 (2H), s 81 .69 (2H), s
81.43 (1H), s 81.08 (2H), s 81.03 (3H), s 80.85 (6H) (see Appendix).
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Wilkinson's Reagent Catalyzed Reaction of Quadricyclane and
Catecholborane:
l.(PPh3)3Rh(I)Cl
Catecholborane
-?
THF ,5C
9.9% s.
2. H202 : OH OH
To a dry 100-mL round bottom flask, 20 mL of THF ( freshly distilled from
lithium aluminum hydride) was added, followed by 0.1 g (0.0005 moles) of
chlorotris(triphenylphosphine)rhodium(l). The solution was purged with dry
nitrogen and stirred at room temperature until the solution was
homogeneous. The solution was then cooled to 5C and 6.5 g (0.054
moles) of catecholborane and 5.0 g (0.054 moles) of quadricyclane were
added. The solution was stirred for 24 hours at 5C under a blanket of dry
nitrogen. When the reaction was complete, the solution was cooled to
- 40C and 1 5 mL of 95 % ethanol, 1 5 mL of 3 M NaOH, and 20 mL of 30 %
H2O2 was added sequentially, and the resulting mixture was stirred after
warming to room temperature over a period of 2 hours for 24 hours.
The reaction was poured into a 125-mL separatory funnel and extracted
with 3 X 30 mL of diethyl ether. The ether extracts were combined and
washed with 3 X 30 mL of 1 M NaOH, followed by 3 X 40 mL of distilled
water. The organic layer was dried over anhydrous magnesium sulfate and
the
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solvent was removed in vacuo.
The remaining pale yellow oil was analyzed by GC-Mass Spectroscopy
and determined to be composed of four major products: 53.2 %
norbomadiene, 25.2 % quadricyclane, 11.7% exonorborneneol, and
9.9 % nortricyclanol.
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Reaction of Norbomadiene and Catecholborane Rromoted bv Wilkinson's
Catalyst
l.(PPh3)3Rh(DCl
Catecholborane
THF ,5C
2. H202 , OH
In a 50-mL round-bottom flask, 25 mL of THF (freshly distilled from lithium
aluminum hydride) and 0.1 g (0.0005 moles) of
chlorotris(triphenylphosphine)rhodium(l) were stirred under a blanket of dry
nitrogen until homogeneous. The solution was then cooled to 5C, and 6.5
g (0.054 moles) of catecholborane and 5.0 g (0.054 moles) of norbomadiene
was added. This solution was stirred for 24 hours at 5C under a blanket of
dry nitrogen. When the reaction was complete the solution was cooled to -
40C and 1 5 mL of 95 % ethanol, 1 5 mL of 3 M NaOH, and 20 mL of 30 %
H202 were added in that order and stirred after warming to room
temperature over a period of 2 hours for 24 hours.
The reaction was poured into a 125-mL separatory funnel and extracted
with 3 X 30 mL of diethyl ether. The ether extracts were combined and
washed with 3 X 30 mL of 1 M NaOH, followed by 3 X 40 mL of distilled
water. The organic layer was dried over anhydrous magnesium sulfate and
the solvent was removed in vacuo.
The remaining pale yellow oil was analyzed by GC-Mass Spectroscopy
and determined to be composed of three major products:
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norbomadiene 58%, exo-norboreneol 23%, endo-norboreneol 19%.
Reaction of 1-Octene (11 ) and Catecholborane Rromoted by Wilkinson's
Catalyst:
OH
(13)
a
O 1. (PPh3)3Rh(I)Cl
bh +/\S\S\S ztttz
/ THF , RT
(11) 2- H202, -OH
(12)
To a 50 mL round bottom flask was added 10 mL of THF (freshly distilled
from lithium aluminum hydride) and 1.12 g (0.01 moles) of 1-octene.
Subsequently 0.05 g (5.40 x10"5 moles) of
chlorotris(triphenytphosphine)rhodium(l) was added and the solution was
stirred until homogeneous. The reaction was purged with dry nitrogen and
placed in a room temperature water bath whereupon 1 .22 g (0.01 moles) of
catecholborane was added and this reaction mixture was stirred (under a
blanket of dry nitrogen) for 8 hours. When the reaction was complete the
solution was cooled to 5C and 1 5 mL of 95 % ethanol, 15 mL of 3 M NaOH,
and 20 mL of 30 % H2O2 were added in that order and this mixture, after
warming to room temperature over a period of 2 hours, was stirred for 24
hours.
The reaction was poured into a 1 25 mL separatory funnel and extracted
with 3 X 30 mL of diethyl ether. The ether extracts were combined and
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washed with 3 X 30 mL of 1 M NaOH, and followed by 3 X 40 mL of distilled
water. The organic layer was dried over anhydrous magnesium sulfate and
the solvent was removed in vacuo.
The remaining pale yellow oil was analyzed by GC-Mass Spectroscopy
and determined to be composed of two major products (with an overall
percent yield of 78.5%): 97.8% 1-octanol (1 2) and 2.25% 2-octanol (1 3).
The reaction was repeated a second time and the results were the same
within + 0.2%.
GC-Mass Spectroscopy 1-octanol m/z 41 (100%), m/z 56 (58.3%), m/z 69
(29.2%), m/z 84 (15.0%), m/z 112 (0.83%). 2-octanol m/z 29 (20.8%), m/x 45
(100%), m/z 69 (4.16%), m/z 97 (3.75%).
37
Reaction of 1 .2-Epoxvbutane C\ 4) and BH^"
+ BH3:THF ^ NR
(14)
To a 1 00 mL 3 neck round bottom flask was added 20 mL of 1 .0 M
BH3:THF (0.02 moles) by syringe. The solution was purged with dry nitrogen
and stirred with a magnetic stirrer. The solution was cooled to 0C and
4.32g (0.06 moles) of 1 ,2-epoxybutane was added. The solution was
allowed to warm to room temperature and stirred for 3 days. After this time
the reaction mixture was cooled to 0C and quenched with 30 mL of distilled
water. The solution was poured into a 125 ml separatory funnel and
extracted 3 X 30 mL with diethyl ether. The organic layer was washed 2 X 30
mL with distilled water. The organic layer was dried over anhydrous
magnesium sulfate and analyzed by GC-Mass Spectroscopy which showed
only starting material in the reaction mixture. Mass Spectrum: m/z 27 (84%),
m/z 39 (50%), m/z 41 (100%), m/z 57 (26%), m/z 71 (16%), m/z 72 (8.4%).
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Wilkinson's Reagent Catalyzed Reaction of 1.2-Epoxyh.jtane and BHgjTHF
O (PPh3)3Rh(l)Cl H202 ._
+ BH3:THF ^ ? NR
OH"
To a 1 00 mL round bottom flask was added 20 mL (0.02 moles) of 1 .0 M
BH3:THF complex by syringe. The mixture was purged for 5 minutes with dry
nitrogen and 0.1g (0.0001 moles) of chlorotris(triphenylphosphine)rhodium(l)
was added. Once the solution was homogeneous, 4.32 g (0.06 moles) of
1 ,2-epoxybutane was slowly added. The reaction flask became warm after 5
minutes. The reaction was allowed to stir for 24 hours at room temperature.
After this time the reaction was cooled to 0C and quenched with 30 mL of
distilled water. Upon completion of the reaction the solution was cooled to
0 C and in order 20 mL of 95 % ethanol, 1 5 mL of 3 M NaOH, and 20 mL of
30 % H2O2 was added and this mixture was stirred after warming to room
temperature over a period of 2 hours for 24 hours.
The reaction mixture was poured into a 125 mL separatory funnel and
extracted with 3 X 30 mL of diethyl ether. The ether extracts were combined
and washed with 3 X 30 mL of distilled water. The organic layer was dried
over anhydrous magnesium sulfate and analyzed by GC-Mass Spectroscopy
showing only unreacted 1 ,2-epoxybutane. GC-Mass Spectrum: m/z 27
(84%), m/z 39 (50%), m/z 41 (100%), m/z 57 (26%), m/z 71 (16%), m/z 72
(8.4%).
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Hydroboration of 2-Methvlaziridine (1 5^ Promoted by Wilkinson's Catalyst
H
N
(PPh3)3Rh(I)Cl H202 -_
f\ + BH3:THF ? NR
l\
OH-
(15)
To a 100 mL round bottom flask was added 25 mL (0.025 moles) of 1 .0
M BH3:THF complex. The reaction solution was purged with dry nitrogen
and 0.1 g (0.0001 moles) of chlorotris(triphenylphosphine)rhodium(l) was
added and the mixture was stirred until the solution was homogeneous.
Then 3.5 g (0.061 moles) of 2-methylaziridine was slowly added. The
mixture evolved a thick cloud of white smoke. The reaction was kept under a
blanket of dry nitrogen and stirred at room temperature for 24 hours. Upon
completion of the reaction the solution was cooled to 0 C and in order
20 mL of 95 % ethanol, 1 5 mL of 3 M NaOH, and 20 mL of 30 % H202 was
added and this mixture was stirred after warming to room temperature over a
period of 2 hours for 24 hours.
The reaction was poured into a 125 mL separatory funnel and extracted
with 3 X 30 mL of diethyl ether. The ether extracts were combined and
washed 3 X 30 mL of 1 M NaOH, and with 3 X 40 mL of distilled water. The
organic layer was dried over anhydrous magnesium sulfate and the solvent
was removed in vacuo. The remaining bright yellow oil was analyzed by
GC-Mass Spectroscopy and contained only starting material
(2-methylaziridine). GC-Mass Spectrum: m/z 27 (88.0%), m/z 31 (100%), m/z
41 (92%), m/z 43 (62%), m/z 56 (80%), m/z 57 (12%).
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SECTION IV
RESULTS AND DISCUSSION
A major part of my research was performed attempting to hydroborate a
cyclopropane ring. This was attempted with and without Wilkinson's catalyst,
and using several hydrocarbons containing cyclopropane rings with
different degrees of ring strain.
Because hydroborations catalyzed by Wilkinson's catalyst occur by a new
and different mechanism, a wide range of new reaction conditions were
tested. My research problem became a matter of balancing the conditions
between increased borohydride reactivity and appropriate ring strain in the
cyclopropane ring systems. Ring strain in the cyclopropane ring influences
the bond strength between the carbons in the ring; the greater the ring
strain, the weaker the carbon-carbon sigma bond strength.
There are a large number of commercially available hydroborating
reagents that can be used for Wilkinson's reagent catalyzed reactions.
Wilkinson's catalyst only activates the B-H bond of such reagents and thus
the rest of the hydroborating reagent is not greatly affected. On the other
hand substrates that contain only cyclopropane rings and no other functional
groups that could interfere with these reactions were few in number.
Therefore part of my work was the synthesis of appropriate reactants that
contain only cyclopropane rings. Use of different reactants synthesized with
cyclopropane rings possessing differing degrees of ring strain would be
important for drawing conclusions about the mechanism for
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these ring opening hydroboration reactions.
The initial attempt to synthesis quadricyclane photochemically using the
Rayonet photochemical apparatus was unsuccessful. A 200 MHz 1 H NMR
analysis of the product after 8 days of irradiation displayed only 11 % of
quadricyclane present. Repeating the reaction showed the same results and
this led to the conclusion that a more powerful lamp had to be used.
A second synthesis of quadricyclane was attempted using a 450 watt high
pressure mercury lamp and a quartz photochemical reaction flask from Ace
Glass. After irradiating the reaction for 96 hours the reaction was checked
by NMR. The NMR indicated that there was no norbomadiene present. The
olefinic proton signal at 86.75 had disappeared indicating only
quadricyclane present. The product was collected by fractional distillation
yielding 120 g (68.5% yield) of quadricyclane. GC-mass spectroscopy
confirmed the NMR results indicating no olefinic protons and only one
product (quadricyclane).
The first hydroboration reaction of quadricyclane was attempted using a
procedure similar to the type of reaction using Wilkinson's catalyst and
catecholborane to hydroborate a carbon-carbon double bond. The ratio of
quadricyclane to catecholborane was 1 :1, and the catalyst was present in a
0.1 mole percent. The reaction was run for 72 hours at room temperature.
The reaction products were analyzed by GC-mass spectroscopy and by 200
MHz 1 H-NMR, showing exo-norbomeneol in high yield (82%) and no
nortricyclanol. Exo-norborneneol was assumed to come from the simple
hydroboration of a double bond on norbomadiene which was formed from
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the metal catalyzed isomerization of quadricyclane to norbomadiene
l.(PPh3)3Rh(I)Cl
Catecholborane
THF , RT N
2. H202 , OH
Rhodium
Metal Catalyzed
Isomerization
Nortricyclyl acetate was prepared as a precursor to authentic samples of
nortricylanol. Nortricyclanol would be the major product for the successful
hydroboration and oxidation of quadricyclane. The acetate formation
reaction proceeds by initial electrophilic addition of a proton to one of the
double bonds. The molecule then undergoes homoallylic rearrangement to
form the nortricyclyl cation and this stable cation is trapped by acetate anion
to form nortricyclyl acetate in good yield (51%). Any olefinic product that is
formed was removed by KMn04 oxidation.
Nortricyclanol is prepared easily from the base-catalyzed cleavage of the
acetate. After vacuum sublimation nortricyclanol was collected and shown
to be the desired product by GC-mass spectroscopy and 300 MHz NMR.
Norcarane was chosen as a substrate for aWilkinson's reagent catalyzed
hydroboration reaction, since quadricyclane appeared to be too susceptible
to metal catalyzed isomerizations. Norcarane has less strain energy (-30
kcal/mol) than quadricyclane (96
kcal/mole)21 and should be less vulnerable
to rearrangement (although less reactive). As stated earlier, Rickbom5 had
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initial success in hydroborating norcarane using neat borane.
Norcarane was synthesized by the Simmons-Smith reaction30 in
respectable yield (38.5 %) after isolation by fractional distillation. Capillary
GC indicated high purity, and the 1 H NMR spectrum was consistent with
literature reports. Norcarane was treated with catecholborane in the
presence of Wilkinson's catalyst. The results of the reaction proved that no
reaction had occurred since only unreacted norcarane was recovered.
Reaction conditions were varied using different solvents, hydroborating
reagents, temperatures, and catalyst concentrations as listed
in Table I; at no time was there any indication of desired alcohols present in
the product mixture.
Table I. Reaction conditions for the Wilkinson's Reagent Catalyzed
Hydroboration Reaction5 of Norcarane.
Reaoent Ratio to norcarane Solvent Temperature Catalvst %
catecholborane 1:1 THF R.T. 0.1
catecholborane 1:1 THF reflux 0.1
catecholborane 1:1 THF -40C 0.1
BH3:THF 1:3 THF R.T. 0.1
BH3:THF 1:3 THF reflux 1.0
BH3:THF 1:3 Diglyme 190C 0.1
BH3:THF 1:3 Toluene reflux 0.1
a All for 72 hr.
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These reaction conditions were performed each for approximately 72 hours,
followed by standard oxidation procedures to obtain the appropriate alcohol.
In all cases the reaction mixture only revealed unreacted starting material by
GC-Mass spectroscopy. The reported results were initially discouraging. It
should be noted that even the more reactive BH3:THF complex was not
successful. However there had to be a reason why the reaction was not
occurring. Since we found no chemical evidence for Rh-norcarane
interaction, it was decided to carryout an NMR experiment to test for Rh-
norcarane complexation. 1 H NMR spectra of norcarane with and without
Wilkinson's catalyst were compared. If Wilkinson's catalyst truly complexes
with norcarane there might be differences in the chemical shift values of the
protons present in norcarane due to changes in proton environments. The
spectra revealed no detectable changes in the 1 H NMR spectra of either
sample. This leads us to believe that no NMR detectable complexation is
occurring between norcarane and Wilkinson's catalyst, and therefore
Wilkinson's catalyst is not sufficiently reactive to interact with the modestly
strained norcarane. The NMR experiment was repeated with tricyclene
(1,7,7-trimethyltricyclo[2.2.1.02'6]heptane), since other workers in our
research group were attempting Wilkinson's catalyst promoted hydroboration
of this tricyclic hydrocarbon. Due to the increased ring strain it is believed
that the cyclopropane ring would possess more rc-bond character and hence
be more attractive for complexation to occur. The experiment was run in
similar fashion to the one performed with norcarane, analysis of the NMR
spectra showed no change in shifts indicating no complexation occurred.
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This is consistent with the chemical results found by others in our laboratory.
Tricyclene strongly resists hydroboration, even when Wilkinson's catalyst is
used.
Regioselectivity of Wilkinson's reagent catalyzed reactions of alkenes has
not been extensively studied. A reaction procedure was run similar to those
previously tried on cyclopropane rings with the presence of Wilkinson's
catalyst. The reaction using 1-octene was run overnight at room temperature
and oxidized using standard conditions. The reaction mixture was analyzed
by GC-mass spectroscopy. The percentages of anti-Markovnikov (1-octanol)
to Markovnikov (2-octanol) product were 97.8% to 2.2%, respectively. This is
different from the product ratios for standard hydroborations using BH3
under similar reaction conditions (94% to 6% respectively)31. Authentic
samples were compared by retention times and mass spectra to the reaction
products to confirm the correct structures. The reaction was repeated with
similar results.
This was an interesting result. It indicated that even though Wilkinson's
catalyst greatly increases the reaction rate of catecholborane it has only a
small effect upon the regioselectivity of the hydroborating reagent.
Hydroboration reactions of 1-octene were performed with catecholborane at
1 00C for 4 hours without the presence of Wilkinson's catalyst. The product
ratios of this reaction were 98% 1-octanol, 2% 2-octanol (Anti-Markovnikov :
Markovnikov respectively). Even though the reaction temperatures were
different there still is evidence that Wilkinson's catalyst is an excellent
reaction rate accelerator without greatly effecting the regioselectivity of the
hydroborating reagent. It does seem that with Wilkinson's catalyst we are
46
dealing with a bulky hydroborating reagent (the Rh-borane complex)
accounting for the slightly greater preference for anti-Markovnikoff addition.
Interest arose in the possibility of hydroborating three membered
heterocycles such as aziridines, epoxides and episulfides. These
heterocycles contain atoms that have lone pairs of electrons. Which should
easily complex with Wilkinson's catalyst and therefore the three-membered
ring may be activated sufficiently for a ring opening hydroboration reaction.
As stated earlier one of the reasons that cyclopropane rings were not
hydroborated even in the presence of Wilkinson's catalyst is there was no
evidence of complexation between the cyclopropane ring and Wilkinson's
catalyst. With these heterocycles the presence of lone pairs of electrons will
greatly increase the possibility of complexation to occur.
Thus 1 ,2-epoxybutane was treated with B^iTHF complex and
Wilkinson's catalyst. The reaction was performed under similar conditions as
those attempted with cyclopropane rings. A reaction appeared to occur, and
the reaction flask became warm to the touch. The reaction solution also
changed color from a light yellow to a dark brown. After 72 hours the reaction
mixture was quenched with water and analyzed by GC-mass spectroscopy.
The reaction was attempted with and without the presence of Wilkinson's
catalyst. Furthermore the reaction was tried at both room and reflux
temperatures. Each reaction was analyzed by GC-mass spectroscopy and
determined to contain only unreacted 1 ,2-epoxybutane. The first reaction
mixture was not oxidized due to the possibility of ring opening the epoxide
with hydrogen peroxide. The reaction mixture was analyzed by GC-mass
spectroscopy for any organoborane present. No organoborane was found.
The second time the reaction was repeated an oxidation step was performed
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and the reaction mixture was analyzed by GC-Mass Spectroscopy. The
reaction mixture did not contain any of the possible diols that would be
present if a reaction occurred.
A similar reaction was performed on a second heterocycle: 2-methyl
aziridine was used as a substrate for aWilkinson's reagent catalyzed
hydroboration. Aziridines are three membered heterocyles containing
nitrogen. Nitrogen is an excellent complexing agent, even more so than
oxygen. The lone pair present on nitrogen should easily complex with
rhodium and therefore there is a good possibility that Wilkinson's catalyst will
activate this heterocycle for hydroboration. The reaction was performed in
similar fashion as with the 1 ,2-epoxybutane reaction. BH3 was used as the
hydroborating reagent. The reaction mixture evolved a thick white vapor
when BH3 was added, and this lead to the conclusion that a reaction was
occurring. After standard oxidation and analysis of the reaction mixture by
GC-mass spectroscopy the only species present was starting material (2-
methylaziridine).
Due to the results of these heterocycle reactions it was believed that
complexation to rhodium did not immediately mean that a hydroboration
reaction would occur. The lone pairs on these heterocycles should have
easily complexed to Wilkinson's catalyst and, because no reaction occurred,
there must be another reason as to why these ring cleavage reactions are
not occurring. A possibility is that, due to the concentration of the starting
material in THF, there could be competition between THF and the
heterocycle. THF is present in such a large quantity compared to the desired
heterocycle that complexation of rhodium with the heterocycle may not occur.
One possible way of alleviating this problem would be to use a
non-
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coordinating solvent such as chloroform.
After studying the possibility of Wilkinson's reagent catalyzing
hydroboration reactions with heterocyles, new ideas were conceived on the
possibility of hydroborating quadricyclane. Quadricyclane, as stated earlier
is susceptible to metal-catalyzed isomerization reactions. However if one
could control the concentration of Wilkinson's catalyst there could be the
possibility of reducing the rate of the isomerization reaction and increase the
rate of the hydroboration reaction. Experiments were performed using
differing ratios of quadricyclane and Wilkinson's catalyst as well as
controlling the reaction temperature to determine if this was possible. After
much experimentation positive results appeared. Quadricyclane was
reacted with catecholborane and Wilkinson's catalyst in a 1 :1 :0.001 mole
ratio. Temperature for the reaction was kept at 5C. The reaction was
allowed to occur for 24 hours. After standard oxidation and work up
procedures were performed the reaction was analyzed by GC-Mass
Spectroscopy. The results were as follows: 53.22 % norbomadiene, 25.15%
quadricyclane, 11.67% exo-norbornenol, and, most importantly, 9__9_42
tricyclanol.
This was the first evidence that a cyclopropane ring had been cleaved by
a Wilkinson's reagent catalyzed hydroboration reaction. The overall yield
for the formation of nortricyclanol was low, but a promising reaction had
occurred. With this positive result there is new hope that there may be a
correct reaction condition where there will be high yield formation of
nortricylanol from quadricylane.
There still is a large amount of work that can be performed on the
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quadricylane system. There are a wide variety of rhodium catalysts
commercially available that can possibly be used for these hydroboration
reactions. Secondly, due to some success of a hydroboration of a
cyclopropane ring, there is the possibility of using chiral catalysts to induce
stereospecific hydroborations.
Continuing in the direction of my research I believe that some further
experiments might prove promising by performing a Wilkinson's reagent
catalyzed hydroboration on quadricylane using BH3 in THF. BH3 is a
stronger hydroborating reagent than catecholborane and because of this it
may react much faster and compete better with the rhodium-catalyzed
isomerization of quadricyclane to norbomadiene. Furthermore there are
many experiments that can be performed using differing concentrations of
Wilkinson's catalyst and catecholborane in order to maximize the production
of nortricylanol. Because there was some success in hydroborating
quadricylane and no detectable product formation from the hydroboration of
norcarane there might be some intermediate compounds that might react in
high yield. There appears to be a balance between ring strain and reactivity.
Therefore there are many other compounds that contain cyclopropane rings
that have more or less ring strain than quadricyclane. These few ideas
would make an excellent starting point for continued research in this very
interesting field of organic chemistry.
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